Abstract -Footing size effect of shallow foundations in sand is investigated in this paper. Three plate load tests were carried out on a sand backfill using plates with diameters of 0.30, 0.5 and 0.80 m. The stress-settlement curves obtained with the tests did not show a clear failure pattern, therefore, conventional failure criteria were used to determinate the bearing capacity. The conventional failure criteria showed different behaviors in respect of the dependence of bearing capacity in relation to the increasing of plate size. For a constant applied stress, settlement increases with increasing plate size. However, settlement values presented a nonlinear behavior with plate size. Housel's three-plate method was used to determinate allowable stresses. The results showed the decrease of the allowable stress as plate dimension increases.
Introduction
Plate load tests are important field tests for geotechnical engineering practice. In shallow foundation design, the plate load test can be used to determine the stress-settlement relationship, the bearing capacity, and failure modes of shallow foundations. If a plate load tests is used to evaluate settlement and bearing capacity of the foundation, an extrapolation from model to prototype is needed. The model is represented by the plate and the prototype is the actual footing. A few studies have found that bearing capacity increases with increasing plate dimension [1, 2, 3] . However, other studies have found an opposite trend [4, 5] . Vianna [1] conducted plate load tests in a saturated sandy soil. It was observed, for plates with diameter between 0.2 and 0.8 m, an increase of the bearing capacity with plate dimension. On the other hand, the bearing capacity reduced as the diameter of the plate increased from 0.8 m to 1.5 m. Disagreement among previous studies shows the importance of revisiting this subject. This paper presents results of plate load tests with different sizes carried out in a sand deposit. The effect of footing size on bearing capacity, allowable stresses and settlement was evaluated.
Plate Load Tests and Site Conditions
The plate load tests were carried out in a sand deposit compacted with relative density (Dr) of 45%. Particle size distribution analysis was performed according to Brazilian standard NBR 7181 [6] . Figure 1 presents the particle size distribution of the soil, which shows a predominance of medium sand.
The sand has a maximum void ratio of 0.83 and a minimum void ratio equal to 0.60. Triaxial CID tests showed effective cohesion (c) of 0 kPa and effective friction angle of 32° [7] .
ICGRE 191-2 The tests were carried out using circular plates with diameters of 0.3, 0.5 and 0.8 m laying at a depth of 0.5 m below ground surface. The plates were made of steel and had thickness of 25 mm. Each plate load test was carried out with quick maintained load (QML), with 15-minute load increments [8] . In each load stage, settlement readings were recorded at 1, 2, 4, 8, and 15 min. Unloading was conducted with four 5-minute decrements. The maximum load in the tests was limited by the reaction system. A truck was used as reaction system with the test with the 0.3 m plate. The tests with the plates with D = 0.5 and 0.8 m were performed with reaction systems composed by a steel reaction beam fixed on concrete piles. The load was applied with a 500-kN jack, and was measured by a load cell with 500 kN maximum capacity. The settlements of the plate were measured by four mechanical dial gages with a resolution of 0.01 mm.
Footing Size Effect on Settlements
The stress-settlement curves obtained with the plate load tests are shown in Figure 2 . It should be noted that for the same applied stress level, there is an increasing of settlement with the increasing of plate dimension. This behavior was already presented in plate load tests results performed by other researchers, e.g. [1, 4, 5] . 
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To evaluate the settlement behavior related to footing size effect, settlement values related to specific applied stresses were considered. Figure 3 presents the settlements obtained for applied stresses of 200, 400 and 600 kPa for different plate dimensions. Figure 3 shows that settlement increases with increasing plate dimension. The larger the plate size, the larger the deforming soil mass beneath the plate, which results in larger settlements. Nevertheless, an opposite effect is also observed. The increase in plate size generates a deeper stress bulb in the sand mass beneath the plate. The soil mass within the larger bulb is stiffer due to confinement effect, which reduces soil deformation. The combination of both opposite effects results in a nonlinear behavior of plate settlement with increasing plate dimension.
Footing Size Effect on Bearing Capacity
No clear failure pattern was observed with the stress-settlement curves. All curves showed a hardening behavior, which is a development of greater stress values with increasing settlement. Hence, two conventional failure criteria were considered: the method proposed by Leonards [9] and the criteria that considers the bearing capacity as the stress for a settlement equal to B/30, where B is the plate size.
The Leonards' method considers that the bearing capacity is the intersection point between a tangent line at the initial part of the stress-settlement curve and other line at the end part of the curve. The B/30 criterion is related to Brazilian standard for piles [10] adapted for shallow foundations, and frequently used in Brazil. In this case, the failure stress will be that one corresponding to a settlement of B/30. For comparison, the values of bearing capacity using the Equation 1 proposed by Terzaghi and Peck [11] were also calculated. The bearing capacity factors used were proposed by De Beer [12] and Vesic [13] . The theoretical method proposed by Terzaghi and Peck [11] predicts a linear increase of bearing capacity with increasing footing dimension. Table 1 presents the values of bearing capacity by both mentioned criteria and also by Equation (1).
ICGRE 191-4 Table 1 shows that the variation of bearing capacity with plate dimension occurs differently with each criterion. For Leonards' method, the stress values decrease with increasing plate dimension, however, with the B/30 method the stress values increase with increasing plate dimension. Leonards' method is a graphic method that takes into account the development of stress-settlement curve. Since the settlement increases with increasing plate dimension the method shows minor failure stress values as plate size increases. This behavior is the opposite of the prediction with Equation (1), since theoretical methods presents a linear increasing of bearing capacity in function of plate size. B/30 criterion has the failure parameter related to dimension of the plate, thus, when the plate diameter increases the settlement value increases as well, reaching larger stress failures. The values obtained by Equation (1) resulted overconservative, especially for plate 0.30 m.
Footing Size Effect on Allowable Stresses
In order to determine the allowable stress, a safety factor equal to two was adopted for each criteria used in the analysis. The stress value was also limited by a settlement of 10.0 mm. This value of settlement was adopted herein as an allowable settlement.
Other procedure used to determine allowable stress was the method proposed by Housel [14] , known as the three-plate method. This procedure creates a linear trend of allowable stress in function of dimension after adopting an allowable settlement.
To use this method at least three plates are needed from load tests with different plate dimensions. After adopting an allowable settlement, it must take the stress values corresponding to allowable settlement in each stress-settlement curve (according to Figure 4a ). After that a graph as presented in Figure 4b can be drawn. Figure 4b shows the obtained stresses form Figure 4a and the ratio between perimeter (P) and area (A) of the plate. Based on Figure 4b , parameters "n" e "m" are determined to use Equation (2) . This equation will determine the allowable stress for any required dimension. The values obtained by the methods of Leonards and Housel decreased with increasing plate dimension, however, the allowable stress by Leonards method was more conservative. Another disadvantage of Leonards' method is the subjectivity of the method, once it is a graphic procedure. The three-plate method produces a more complete result because the stress is related to a value of allowable settlement. The result of B/30 procedure differs from other methods and showed the increasing of the allowable stress with increasing plate dimension. Figure 5 shows the results of three-plate procedure for different values of allowable settlement. Linear trends of allowable stresses were determined for four allowable settlements, which were: 2.5, 5.0, 10.0 and 25.0 mm. The four linear trends were related to four linear equations, that allow the extrapolation of allowable stress to other plate sizes. Table 3 shows the four linear equations obtained by linear trends of Figure 5 , also the allowable stresses extrapolated for plate sizes of 1, 2, 3 and 4 m using the equations shown in Table 3 . The values presented in Table 3 show that the increase in plate dimension causes a decreasing of allowable stress. This behavior is expected once the settlement value is limited, thus an increasing plate dimension causes an increasing ICGRE 191-6 settlement. Therefore, for foundation designs in which settlement is as important as bearing capacity, this type of procedure must be considered, once the results easily combine stress and settlement.
Conclusion
Plate load tests were conducted in sand using different plate diameters. The field tests allowed evaluating bearing capacity, settlements and allowable stresses considering the effect of plate size on the test results. None stress-settlement curves presented clear failure, thus, failure criteria were adopted to define bearing capacity. Regarding this study, the following conclusions can be drawn:
-Load test results showed that for a same applied stress the settlement values increases as the plate dimensions increases as well, but this increasing is nonlinear.
-Each failure criterion presented distinct response in respect to the behavior of bearing capacity depending on plate dimension. Leonards criterion showed a decreasing of bearing capacity with the increasing of plate dimension, while the B/30 procedure presented opposite behavior. This behavior shows the dependency of failure criteria on the results. The difference of response among methods also may be the cause of some authors determinate increasing of bearing capacity with increasing plate dimension and other authors the opposite. Bearing capacity values obtained by the theoretical equation (Terzaghi and Peck's equation) were too conservative.
-The values of allowable stress obtained by the three-plate method of Housel [15] decreased with the increasing of plate size. The same was observed for Leonards' criterion. This behavior is consistent because a value of allowable settlement was adopted and the settlement values increase as plate size increases, regarding the same applied stress. Shallow foundation on sand, generally, present high failure stress values, thus, the stresses used are frequently limited by the required settlement. Therefore, for foundation design the three-plate method is an important alternative once that combines stress and settlement.
